Stress in childhood and early adulthood, and cortisol levels in older age {#s0001}
=========================================================================

Cortisol is produced by the hypothalamic--pituitary--adrenal (HPA) axis as an adaptive response to environmental stressors. However, glucocorticoids can also be toxic, and excessive levels can cause neurodegeneration (Abraham et al., [@CIT0001]; Sapolsky, [@CIT0028]). Sapolsky et al.'s ([@CIT0029]) glucocorticoid cascade hypothesis suggests high levels of glucocorticoids damage neurons throughout the brain, including those providing feedback to the HPA axis. The resulting negative feedback impairs downregulation of glucocorticoids, increasing the impact of corticosteroid toxicity throughout the brain. Sapolsky et al. argued that this was particularly relevant in older age, as neurodegeneration and hypersecretion of glucocorticoids continually exacerbate one another, leading to cognitive impairment and contributing too many of the serious health problems associated with older age. Landfield et al. ([@CIT0021]) later argued that the relationship between glucocorticoids and ageing was more complex, but that chronic overexposure still contributed to ageing-related neurodegeneration.

Chronic overexposure to cortisol may be instigated well in advance of older age, as stress earlier in life may have a lasting impact on the HPA axis. Prior studies have observed higher basal or mean cortisol levels in later childhood and adulthood among individuals who were abused as children (Luecken & Appelhans, [@CIT0022] \[*N* = 88\]; Schalinski et al., [@CIT0030] \[43\]; Schreier et al., [@CIT0031] \[180\]; van der Vegt et al., [@CIT0036] \[623\]). Childhood parental loss (Luecken & Appelhans, [@CIT0022]; Nicolson, [@CIT0026] \[57\]) and socioeconomic disadvantage (Desantis et al., [@CIT0009] \[1490\]; Franz et al., [@CIT0015] \[727\]) have also been associated with higher cortisol levels in early, middle and late adulthood. Other factors with similar effects may include chronic illness, associated with higher daytime cortisol levels in childhood (Cardas et al., [@CIT0006] \[89\]), and residential mobility, associated with poor health and psychological distress in adulthood (Brown et al., [@CIT0005] \[850\]). However, others have observed lower basal or total cortisol in those who suffered greater childhood stress (Desantis et al., [@CIT0009]; Flory et al., [@CIT0012] \[63\]; Trickett et al., [@CIT0035] \[173\]; Vedhara et al., [@CIT0037] \[566\]). Stress in youth has also been associated with both higher (Goldman-Mellor et al., [@CIT0017] \[543\]) and lower (Carpenter et al., [@CIT0007] \[230\]) cortisol reactivity in later life.

We assessed relationships between childhood, adolescent and early-adulthood stressors, and older-age cortisol levels. As above, not all previous work on stress and the HPA axis is in agreement, and few previous studies have investigated the relationship between stress in youth and cortisol levels in older age. Some work suggests that the HPA axis is highly adaptive, and that cortisol regulation may recover relatively quickly from any effects of stress (Dallman, [@CIT0008]; Spencer & McEwen, [@CIT0034]). However, we tested the hypothesis that exposure to stress leads to upregulation of cortisol, and that this upregulation is long-lasting. Consistent with this hypothesis, we expected that measures of high childhood, adolescent and early-adulthood stress, combining a number of different stressor variables, would be associated with higher older-age cortisol levels, at specific times of day or overall. We also explored whether each of the individual indicators predicted cortisol measures in later life.

Methods {#s0002}
=======

Participants {#s0003}
------------

On 4th June 1947, the Scottish Council for Research in Education (SCRE) assessed the intelligence of almost all Scottish schoolchildren born in 1936 in the second Scottish Mental Survey (SMS1947; SCRE, [@CIT0033]). A representative sample was also selected from this population for further assessment. Having been selected according to their birth date being one of 6 days throughout the year (the first of the even-numbered months), these participants were known as the 6-Day Sample (MacPherson, [@CIT0023]). These 1208 original 6-Day Sample members were assessed more thoroughly through a series of almost annual home visits from age 11 to age 27, during which data on a wide range of environmental factors -- including information on parents, home environment, schools attended, and, later on, employment and marriage -- were collected (Deary et al., [@CIT0011]; Maxwell, [@CIT0024]).

In 2012, we traced as many of the original 6-Day Sample members as possible through the United Kingdom National Health Service Central Register. We invited the 634 who were found to be still alive and resident in Scotland, England or Wales (and one other, who had emigrated) to participate in a follow-up study (Brett & Deary, [@CIT0004]; Deary & Brett, [@CIT0010]). In 2013, 174 individuals (92 females) who had agreed to take part completed a detailed questionnaire booklet, as well as a physical testing kit. All provided informed consent in writing before participating. Surviving through to older age and agreeing to participate in the follow-up study was not random (Johnson et al., [@CIT0018]). Those 174 who completed the questionnaire, on average, had higher cognitive ability scores as children, and were rated by their teachers as more dependable as adolescents, than the population as a whole (Deary & Brett, [@CIT0010]). The present study focused on the 150 (77 females) participants who provided useable cortisol samples at follow-up. Descriptive statistics for the original 6-Day Sample, those who participated in the follow-up study, and those who were included in the present study are provided in [Table 1](#t0001){ref-type="table"}.

###### 

Descriptive statistics, summarizing key youth stress, older-age cortisol and control variables, for 6-Day Sample participants included at each stage of the study.

                                            Original 6-DaySample   Participated infollow-up   Included in present study                  
  ----------------------------------------- ---------------------- -------------------------- --------------------------- ------ ------- ------
  *N* (%)                                   1208                   100.0                      174                         14.4   150     12.4
  Sex (*N, %*)                                                                                                                            
   Males                                    590                    48.8                       82                          47.1   74      49.3
   Females                                  618                    51.2                       92                          52.9   77      51.3
  Age at SMS1947 (years; M, SD)             10.9                   0.3                        11.0                        0.3    11.0    0.3
  Childhood IQ (M, SD)                      100.0                  15.0                       110.2                       11.1   110.2   10.7
  Years of education (M, SD)                10.5                   1.0                        11.1                        1.3    11.1    1.3
  Childhood class (*N, %*)                                                                                                                
   I                                        31                     2.6                        10                          5.7    5       3.3
   II                                       119                    9.9                        28                          16.1   23      15.3
   III                                      629                    52.1                       87                          50.0   79      52.7
   IV                                       203                    16.8                       24                          13.8   21      14.0
   V                                        206                    17.1                       21                          12.1   20      13.3
  Unclassified                              20                     1.7                        4                           2.3    3       2.0
  Home occupancy in adolescence (M, SD)     1.7                    0.8                        1.4                         0.7    1.4     0.7
  No. jobs in early adulthood (M, SD)       5.4                    3.0                        5.0                         2.3    4.9     2.4
  High stress in childhood (*N*, %)                                                           19                          10.9   17      11.3
  High stress in adolescence (*N*, %)                                                         23                          13.2   22      14.7
  High stress in early adulthood (*N*, %)                                                     51                          29.3   45      30.0
  Age at follow-up (years; M, SD)                                                             76.7                        0.4    76.6    0.4
  Cortisol sample 1 (μg/ml; M, SD)                                                                                               23.7    10.7
  Cortisol sample 2 (μg/ml; M, SD)                                                                                               25.8    11.1
  Cortisol sample 3 (μg/ml; M, SD)                                                                                               4.2     2.8
  Sample 2 delay (min; M, SD)                                                                                                    50.8    27.9
  Sample 3 delay (h; M, SD)                                                                                                      13.9    2.3

SMS1947 = Scottish Mental Survey 1947. Data on high stress in childhood, adolescence and early-adulthood are not provided for the original 6-Day Sample as some data contributing to these variables were collected retrospectively at follow-up.

Youth stress measures {#s0004}
---------------------

### Parental loss {#s0005}

Information on parents' deaths, divorces and separations was recorded systematically as part of the questionnaire booklet completed in 2013. The number of these events occurring by the age of 11 years was counted as parental loss in childhood. Parents' deaths, divorces and separations between the ages of 12 and 17 years served as our measure of adolescent parental loss. Parents' deaths (but not divorces or separations, representing, arguably, a far greater loss when participants were still living with and dependent upon their parents) between the ages of 18 and 30 years were counted as early-adulthood parental loss.

### Deprivation {#s0006}

The occupation of each participant's father was recorded in 1947 and 1954 (MacPherson, [@CIT0023]). We derived father's social class from his occupation in 1947, initially scored from I (highest) to V (lowest), according to the UK's 1951 Classification of Occupations (General Register Office, [@CIT0016]; Knight, [@CIT0020]), and also counted recorded periods of unemployment. The numbers of rooms and residents in each participant's household were also recorded annually from 1950 to 1954 (MacPherson, [@CIT0023]). Home occupancy rate was calculated for each year, and then averaged across years. We gave participants a score of 1 if their fathers were of low social class (IV) or two if they were of the lowest social class (V), and increased this score by 1 if they were unemployed in 1947, producing a simple measure of childhood deprivation at that time, scored from 0 to 3. Father's social class (being assessed towards the end of childhood/beginning of adolescence) was incorporated in the same way into a simple measure of adolescent deprivation, along with unemployment in 1954 and a particularly high (higher than 95% of the sample) mean home occupancy rate. Adolescent deprivation thus spanned ages 11--18 years (a slightly wider range than most other measures), and was scored from 0 to 4.

### Home and school moves {#s0007}

The number of previous schools was recorded in 1947, changes of school since 1947 was recorded in 1950, and any changes of home address were then recorded annually up until 1963 (MacPherson, [@CIT0023]; Maxwell, [@CIT0024]; SCRE, [@CIT0033]). School moves before 1947 was used as a measure of childhood mobility from starting school age to adolescence, that is from around 5 to 11 years of age. Subsequent school moves and home moves from 12 to 17 years were summed as a measure of adolescent mobility. Home moves from 18 to 27 years served as a measure of early-adulthood mobility. Although some moves may have been associated with positive changes in life, we expected that a particularly high number of moves would be disruptive and stressful.

### Illness {#s0008}

Participants underwent a medical examination in 1950, and notes on physical health were taken during home visits in 1951, 1953 and 1954 (MacPherson, [@CIT0023]). A count of serious illnesses (deemed serious enough to pose a long-term risk to health) at these four times, spanning ages 14--18 years (a slightly narrower range than most other measures), was used as a measure of adolescent illness.

### Divorce {#s0009}

Information on participants' divorces was recorded retrospectively when records became available in 1969. Divorces between the ages of 18 and 30 years were used as another early-adulthood stress measure.

### Job instability {#s0010}

Participants' occupations were recorded annually from leaving school (usually at around age 15 or 16) up until age 27. We considered whether participants were ever unemployed, whether they were unemployed more than once, and whether they changed occupation a high number of times (higher than 90% of the sample) or a very high number of times (higher than 95% of the sample). These four variables were summed to produce a simple measure of job instability, scored from 0 to 4. Although some of participants' earliest positions of employment would have been held during later adolescence, all were included in this early-adulthood measure.

### High stress {#s0011}

The above measures were also combined, producing measures representing high stress in childhood (up to around 11 years), adolescence (around 12--17 years) and early adulthood (around 18--30 years). In childhood, participants were considered as being exposed to high levels of stress if they lost a parent, scored highest on deprivation, or moved school more often than 95% of the sample. By these criteria, around 11% of participants included in this study were exposed to high levels of stress in childhood. Adolescent high stress was composed in the same way, but also included participants for whom serious illness was recorded on three or more occasions throughout adolescence. The proportion of participants included was therefore slightly higher, at around 15%. High stress in early adulthood also incorporated parents' deaths and a particularly high number of moves (higher than 95% of the sample), but also divorce and at least two indicators of job instability. Due primarily to a higher number of parental losses throughout the 12 years of early adulthood assessed than in childhood or adolescence, early-adulthood high stress included a greater proportion of participants: around 30%. The purpose of including these measures was to assess the hypothesis that only particularly high levels of stress produces lasting effects on the glucocorticoid system. This was also the reason why they were dichotomous, although very few participants experienced high stress in relation to more than one contributing variable.

Associations among childhood, adolescent and early-adulthood stress measures are reported in [Table S1](http://dx.doi.org/10.1080/10253890.2017.1289168).

Cortisol samples {#s0012}
----------------

As part of the home physical testing kit, follow-up participants were provided with three Salivette sample tubes (Sarstedt, Rommelsdorf, Germany). Participants were asked to provide three samples of saliva for cortisol analysis -- immediately after waking, 45 min later and at 22:00 the same day. The second measurement is subsequently referred to as "peak" cortisol level, although cortisol levels could have been higher earlier or later in the day. Samples were returned to us by post, and upon receipt were centrifuged for 5 min at 3000 rpm before being frozen at −80 °C. Cortisol levels were then measured at the University of Dresden, using a commercial immunoassay kit with chemiluminescence detection (IBL-Hamburg, Hamburg, Germany). Any extreme values (above 70 μg/ml[^1^](#EN0001){ref-type="fn"}) were deemed to be outliers and were removed from subsequent analyses. Participants who reported use of any glucocorticoid or other steroid medications were also excluded from all analyses. The resulting distributions were close to normal, but negatively skewed, so we adjusted raw values using natural log transformation. Cortisol awakening response (CAR) was calculated as the difference between adjusted peak and waking cortisol levels, diurnal cortisol slope was calculated as the difference between adjusted evening and waking levels, and mean cortisol level was calculated as the mean of adjusted waking, peak and evening levels. Participants also recorded the times at which they provided each sample, and for those who reported a delay of over one hour between the first two samples (*N* = 5), peak and CAR measures were excluded.

Control variables {#s0013}
-----------------

We included sex, recorded at the time of the SMS1947 (SCRE, 1949), as a covariate in all analyses, as older-age cortisol levels (Zhao et al., [@CIT0038]) and associations between stress and later cortisol levels (Goldman-Mellor et al., [@CIT0017]) have both previously been shown to depend on sex. All participants in the SMS1947 completed the Moray House Test No. 12, a group-administered test, primarily of verbal reasoning, described and reproduced in full by SCRE ([@CIT0032]). We converted this to an IQ-type score by residualizing over age at the time of the SMS1947, and standardizing with a mean of 100 and SD of 15. This measure of childhood IQ was also included as a covariate in all analyses, as well as years of education, recorded during the original 6-Day Sample study between 1947 and 1963 (MacPherson, [@CIT0023]; Maxwell, [@CIT0024]), and age at follow-up, calculated from participants' dates of birth and the dates on which they returned study materials to us by post (Brett & Deary, [@CIT0004]). Three participants reported a diagnosis of dementia (as part of a section in the questionnaire booklet on current and previous health conditions), including two who also provided cortisol samples and were therefore part of this study sample. Those who participated in the telephone interview completed an adapted Mini Mental State Examination (MMSE; Folstein et al., [@CIT0013]; Newkirk et al., [@CIT0025]; Roccaforte et al., [@CIT0027]). The maximum possible score was 26; a score of 20 or less was taken as indication of mild cognitive impairment (MCI). This cutoff was not prescribed by Newkirk et al., but is comparable (proportionally) to criteria used to detect MCI with other versions of the MMSE. Analyses were repeated after excluding the two participants who reported a diagnosis of dementia and five others who scored 20 or below on the MMSE.

Analysis {#s0014}
--------

Following the construction of youth stress variables and preprocessing of older-age cortisol data, as above, we analyzed the longitudinal associations between all stressors and all cortisol measures using Matlab R2013a (The MathWorks, Natick, MA). Generalized linear modeling was used for all analyses, in order to incorporate covariates and to accommodate non-normally distributed variables. After excluding outliers and participants on steroid medications, our sample had 80% power to detect a standardized β coefficient of .2. First, we assessed the effects of a number of key study variables -- those stressors that were recorded for the whole of the original sample, as well as all control variables -- on survival to older age and on agreeing to participate at follow-up. We then assessed the relation between each youth stress measure and each older-age cortisol measure using generalized linear modeling, including sex, education and age at follow-up as covariates in each model, as well as childhood IQ, due to previously reported associations between intelligence in youth and cortisol levels later in adulthood (Franz et al., [@CIT0014]). All *p* values were corrected for multiple comparisons using false discovery rate (FDR; Benjamini & Hochberg, [@CIT0002]); resulting *q* values were still compared to an *α* of .05.

Results {#s0015}
=======

The effects of youth stress measures available for the whole 6-Day Sample and control variables on survival to older age and on participation at follow-up are reported in [Table 2](#t0002){ref-type="table"}. Women (β = .16, *p* \< .001), those of higher intelligence (β = .18, *p* \< .001; also assessed by Johnson et al., [@CIT0018]), those who spent longer in full-time education (β = .17, *p* \< .001) and also those who changed home address more often throughout early adulthood (β = .08, *p* = .01) were significantly more likely to survive to age 76 years. On the other hand, childhood deprivation (β = −.15, *p* \< .001), adolescent deprivation (β = −.16, *p* \< .001) and early-adulthood job instability (β = −.14, *p* \< .001) were significantly associated with mortality by this age. Higher childhood intelligence (β = .31, *p* \< .001) and greater time spent in full-time education (β = .23, *p* \< .001) also significantly predicted participation in the follow-up study among those who survived to age 76 years, whereas deprivation in childhood (β = −.09, *p* = .02) and adolescence (β = −.10, *p* = .01) were negatively associated with follow-up study participation. All of these results remained significant after FDR correction for multiple comparisons. Childhood and adolescent moves were not significantly related to mortality or participation, and neither of the early-adulthood stressors significantly predicted participation in the follow-up study.

###### 

Relations between key study variables, survival to older age, and follow-up study participation.

                                    Alive in 2012   Participated in follow-up              
  --------------------------------- --------------- --------------------------- ---------- ------------
  Sex                               **.16**         **\<.001**                  −.05       .17
  Age at SMS1947                    .04             .17                         .02        .64
  Childhood IQ                      **.18**         **\<.001**                  **.31**    **\<.001**
  Years of education                **.17**         **\<.001**                  **.23**    **\<.001**
  Childhood deprivation             **−.15**        **\<.001**                  **−.09**   **.02**
  Childhood school moves            .03             .38                         −.06       .14
  Adolescent deprivation            **−.16**        **\<.001**                  **−.10**   **.01**
  Adolescent home/school moves      .00             .99                         −.07       .06
  Early-adulthood job instability   **−.14**        **\<.001**                  −.04       .34
  Early-adulthood home moves        .08             **.01**                     .05        .22

Significant results at *p* \< .05 are highlighted in bold. All of these results remained significant after correcting for multiple comparisons. The association between childhood IQ (and other variables not included here) and participation in the 6-Day Sample follow-up study has previously been reported by Johnson et al. ([@CIT0018]).

Associations among youth stress measures are reported in Table S1. The childhood, adolescence and early-adulthood high stress variables incorporated other measures, and therefore each showed several significant positive associations with their indicator variables. However, there were only two other significant associations, after correcting for multiple comparisons. First, childhood and adolescent deprivation showed a particularly high association (β = .97, *p* \< .001), partly due to the use of the common indicator variable, father's social class, but also perhaps due to stability of father's status over several years. Second, and less expectedly, adolescent illness showed a moderate association with divorce in early adulthood (β = .40, *p* \< .001).

Associations between childhood, adolescent and early-adulthood stress measures, and later-life cortisol measures are reported in [Table 3](#t0003){ref-type="table"}. All associations were assessed while controlling sex, childhood IQ, years of education and age at follow-up. Considering childhood stressors first, there was no significant effect of parental loss during childhood on any measure of cortisol in older age, the largest being on mean cortisol level (β = −.11, *p* = .27). Nor were there any significant effects of childhood deprivation or school moves throughout childhood on later cortisol measures; the largest associations here were a modest association with a flatter diurnal cortisol slope (β = .15, *p* = .13) and a modest positive effect on evening cortisol (β = .14, *p* = .17), respectively.

###### 

Relations between all youth stress measures and all older-age cortisol measures.

                       Waking cortisol   Peak cortisol   Evening cortisol   CAR    Diurnal slope   Mean cortisol
  -------------------- ----------------- --------------- ------------------ ------ --------------- ---------------
  Childhood                                                                                         
   Parental loss       −.05              −.05            −.07               −.08   −.01            −.11
   Deprivation         −.10              −.03            .01                −.05   .15             .07
   School moves        −.03              .02             .14                .13    .13             .09
  Adolescence                                                                                       
   Parental loss       .16               −.06            −.06               −.08   −.16            .02
   Deprivation         −.06              −.05            .03                −.06   .15             .07
   Illness             .09               .01             .05                −.08   −.02            .13
   Home/school moves   −.05              −.14            −.02               .06    .00             −.17
  Early adulthood                                                                                   
   Parental loss       .09               .03             −.03               .01    −.07            .03
   Divorce             .06               −.05            −.02               −.16   −.07            .02
   Job instability     .03               −**.34**        .02                −.14   .01             −.16
   Home moves          −.13              .05             −.17               .15    −.01            −.18
  High stress                                                                                       
   Childhood           −.08              .00             −.07               −.04   .03             −.04
   Adolescence         .13               −.05            −.05               −.04   −.15            .02
   Early adulthood     .01               −.10            −.08               −.08   −.06            −.11

CAR = cortisol awakening response. Standardized β coefficients are reported. Significant results at *p* \< .05 are highlighted in bold. This one result remained significant after correcting for multiple comparisons. All analyses controlled sex, childhood IQ, years of education and age at follow-up.

Results were similarly weak for individual measures of adolescent stress. Parental loss throughout adolescence did show a modest positive association with waking cortisol in older age (β = .16, *p* = .07), but this did not quite achieve significance at *p* \< .05, even before correcting for multiple comparisons, and its associations with all other older-age cortisol measures were smaller. As for childhood deprivation, adolescent deprivation's strongest association was with diurnal cortisol slope (β = .15, *p* = .12), which was not significant even before correcting for multiple comparisons. Adolescent illness also showed no significant associations with later-life cortisol, its strongest being with mean cortisol level (β = .13, *p* = .17). Total number of home and school moves throughout adolescence did show a modest negative association with mean cortisol in older age (β = −.17, *p* = .08), but again, this did not achieve significance even before correcting for multiple comparisons.

We assessed early-adulthood stressors in the same way. Early-adulthood parental loss showed no significant associations with cortisol measures, the strongest being with higher waking cortisol levels (β = .09, *p* = .31). Divorce showed a modest association with a reduced CAR in later life (β = −.16, *p* = .08), but this was not significant, and its associations with all other cortisol measures were smaller. Home moves throughout early adulthood showed several modest associations with later-life cortisol measures, including some that came close to achieving significance; the strongest were between a higher number of moves and lower evening (β = −.17, *p* = .06) and mean (β = −.18, *p* = .07) cortisol levels. However, early-adulthood job instability significantly predicted lower peak cortisol levels in later life (β = −.34, *p* \< .001), and this effect remained significant after FDR correction for multiple comparisons.

Finally, we also assessed the high stress measures, representing high scores on any of the aforementioned measures of childhood, adolescent and early-adulthood stress. These measures also showed no significant associations with measures of older-age cortisol ([Figure 1](#F0001){ref-type="fig"}). The strongest associations were between high stress in childhood and lower waking cortisol (β = −.08, *p* = .36), adolescent high stress and a steeper diurnal cortisol slope (β = −.08, *p* = .36), and early-adulthood high stress and lower mean cortisol levels (β = −.11, *p* = .23).

![Older-age cortisol levels in participants exposed to high levels of stress in childhood, adolescence or early adulthood. Note: Bars represent mean salivary cortisol concentrations upon waking, around 45 min later (peak) and in the evening of the same day; in those exposed to high levels of stress at each stage of life and in remaining participants; error bars represent standard error.](ists_a_1289168_f0001_c){#F0001}

All of these associations between youth stress and older-age cortisol measures were tested again while excluding participants who either reported a diagnosis of dementia (*N* = 2) or scored below 22 on the telephone-administered MMSE (*N* = 5). As shown in Table S2, this made little difference to the results, except for high stress throughout early adulthood. After excluding participants with dementia or possible MCI, early-adulthood stress showed significant associations with lower evening cortisol (β = −.23, *p* = .01), steeper diurnal slope (β = −.19, *p* = .04) and lower mean cortisol levels (β = −.20, *p* = .04). However, none remained significant after FDR correction.

Discussion {#s0016}
==========

We investigated longitudinal associations between stress in childhood (up to age 11 years), adolescence (12--17 years) and early adulthood (18--30 years), and measures of cortisol taken at age 77 years. We expected high stress in each of these periods of youth -- as well as higher scores on indicator variables, parental loss, deprivation, home and school moves, illness, divorce and job instability -- to predict higher cortisol levels in older age, whether basal, peak or overall. Although we tested longitudinal associations in a relatively small sample, and our methods also presented a number of other limitations (discussed below), we did assess a range of youth stress measures, and would still have been able to detect fairly modest effects. However, of the 84 associations we tested, only one was significant: early-adulthood job instability was associated with lower peak cortisol levels in older age. After excluding participants with dementia or possible MCI, high early-adulthood stress significantly predicted lower evening and mean cortisol levels, as well as a steeper diurnal cortisol slope. However, after correcting for multiple comparisons, the association between early-adulthood job instability and later peak cortisol was the only one that remained significant.

Parental loss in childhood has previously been associated with higher overall cortisol levels in early to middle adulthood (Luecken & Appelhans, [@CIT0022]; Nicolson, [@CIT0026]). Although we assessed associations over a slightly longer period, we expected to observe further evidence of the same positive association. However, we observed no significant effect of parental loss in childhood, adolescence or early adulthood on any cortisol measure. It may be that changes to HPA axis activity resulting from early parental loss, though lasting, do not persist into the mid-to-late seventies; perhaps more temporally proximal exposure to stress made a more substantial contribution to the salivary cortisol levels of our follow-up participants.

Similarly, previous studies have shown that low socioeconomic status and other measures of childhood disadvantage may be associated with increased cortisol levels in early to late adulthood (Desantis et al., [@CIT0009]; Franz et al., [@CIT0015]), yet we found no evidence of the same relationships among our sample. Again, this may be attributable to the age of our sample, if other factors are more important than childhood social deprivation in predicting older-age cortisol levels. Alternatively, our simple measures of social deprivation may not have incorporated the environmental aspects that are most stressful, or most disruptive to the glucocorticoid system.

Although we are unaware of any studies of the long-term effects of illness in youth on cortisol levels, a contemporaneous association between chronic illness and daytime cortisol levels in childhood has been reported previously (Cardas et al., [@CIT0006]). We hypothesized that serious illness in adolescence would act as a stressor and therefore predict higher cortisol levels in older age. Again, we found no evidence to support this hypothesis. It is feasible that a more detailed assessment of illness throughout youth would have been necessary to discern a significant effect.

Similarly, we do not know of any previous studies assessing the effects of divorce on cortisol, but divorce is generally a stressful experience (Booth & Amato, [@CIT0003]), which we therefore expected may affect later cortisol levels. We found no evidence to support this, but there was one modest association of above 0.1 -- that with a lower CAR -- suggesting that divorce should perhaps still be considered in future studies of influences on later-life cortisol levels.

Previous work has not assessed the longitudinal or even contemporaneous relation of repeated moving to cortisol, but greater residential mobility has been shown to predict poor health and psychological distress (Brown et al., [@CIT0005]). Number of home and school moves throughout youth was therefore another factor that we supposed may act as a stressor and predict higher cortisol levels in older age. Contrary to our hypothesis, the strongest associations were with *lower* cortisol levels in older age, but these results were not significant.

Finally, we also assessed early-adulthood job instability -- another factor whose relations to cortisol measures has not previously been assessed, but that would be expected to induce stress. This measure showed almost no association with waking or evening levels, nor with diurnal slope, but a moderate, significant negative association with peak cortisol and, consequently, modest non-significant negative associations with CAR and mean cortisol level. This one significant result is the only evidence this study provides for an effect from early to late adulthood of stress on cortisol. It was also in the opposite direction to that which was expected, although this is consistent with other studies suggesting stress leads to cortisol downregulation (Desantis et al., [@CIT0009]; Flory et al., [@CIT0012]; Trickett et al., [@CIT0035]; Vedhara et al., [@CIT0037]). It is surprising that this measure appeared to influence later-life cortisol more than other stressors that may be regarded as more severe. However, while the loss of a parent, for example, may be more traumatic, it represents a stressful event, with associated high level of stress likely declining relatively quickly over the following weeks. On the other hand, job instability may represent chronic stress over a period of many years. Further research into the long-term effects of chronic stress related to job instability is needed to support this hypothesis, but our results suggest that this research may be warranted.

Although the individual variables discussed above do represent potential stressors, they do not necessarily represent particularly high levels of stress. We therefore also used them together to create three measures of high stress -- during childhood, adolescence and early adulthood. However, these were generally not associated with later-life cortisol measures either.

Limitations {#s0017}
-----------

Only one of the measures of stress in youth assessed in this study was related to cortisol in older age. However, it may be that other stressors throughout youth that were not measured in the 6-Day Sample would have shown a significant relation to HPA axis function in older age, or that other cortisol measures, such as responsivity to stress, would have been more strongly associated with those stressors that were assessed. Additionally, some of the variables that we assessed (for example social deprivation) have been measured in very different ways in previous studies, and using these other measures may have produced different results. Another limitation due to the availability of data was that the age ranges used for childhood, adolescence and early adulthood were not consistent across measures, which may have affected results. This study was also limited by the follow-up sample, which, being dependent on surviving to age 77 and volunteering to participate, was not as representative as the original 6-Day Sample (Johnson et al., [@CIT0018]).

In fact, we observed that some of our youth stress measures, primarily childhood and adolescent deprivation, were associated with lower chances of both surviving to age 76 and participating in the follow-up study. Our results may therefore have been influenced by dropout of the 6-Day Sample members who were exposed to most stress in youth (and/or with the highest cortisol levels in later life, perhaps due to associated health problems), although other studies of cortisol in older age would be similarly affected. Survival to older age and participation in the follow-up study were also dependent on higher intelligence and education, which may help individuals to manage the effects of youth stress, thereby reducing any associations with later cortisol measures.

Further, the associations between the assessed variables and later cortisol levels could have been too weak to be reliably detected in the relatively small follow-up sample -- which did not have sufficient power to detect a standardized β coefficient of less than 0.2 -- but significant associations have previously been observed in smaller samples (Flory et al., [@CIT0012] \[63\]; Luecken & Appelhans, [@CIT0022] \[88\]; Nicolson, [@CIT0026] \[*N* = 57\]; Schalinski et al., [@CIT0030] \[43\]). By combining several stressors, our high stress measures may have improved chances of identifying significant effects. However, these variables were not perfect measures of high stress, as they may have included participants who did experience what we refer to as stressful events, such as the loss of a parent, but did not experience high levels of stress as a result. They may also have excluded participants who were exposed to high levels of stress due to factors on which data were not available to us. A more comprehensive assessment of stressors and stress in youth may be required to identify those who actually experienced high levels of stress.

Prior studies have also assessed the long-term effects of stress on cortisol reactivity (Carpenter et al., [@CIT0007]; Goldman-Mellor et al., [@CIT0017]), but this was not possible with the current sample. As participants were spread throughout the country, they collected their own cortisol samples, which raises issues of reliability (Kudielka et al., [@CIT0019]). Finally, our sample represents a specific population -- those born in Scotland in 1936 -- so cultural and cohort differences must be considered when generalizing to other populations.

Conclusions {#s0018}
-----------

Overall, we found little evidence of a relationship between stress in childhood and early adulthood, and cortisol measures in older age. Our study was limited by small sample size, incomplete availability of data on youth stress, and the influence of youth stress on follow-up study participation, among other things. However, we did assess a range of stressors assessed in youth and their relation to a number of cortisol measures provided up to 66 years later, which few other studies are able to do. Still, after correcting for multiple comparisons, we observed only one significant longitudinal stress-cortisol association. These results, generally, do not support the scenario in which youth stressors are related to HPA-axis functioning in older age, as might be predicted by the glucocorticoid hypothesis. Instead, the majority of our results indicate, at least, that the upregulation of cortisol by stress in youth does not persist into the mid-to-late seventies, and may be consistent with greater adaptability of the HPA axis. However, we did observe one significant moderate effect suggesting downregulation of cortisol by early-adulthood job instability. We therefore call for further investigation into the relationship between stress in youth and cortisol levels in older age, using larger samples, more systematic assessment of stress throughout youth, and perhaps paying particular attention to the stress of job instability.
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